Introduction
============

Pancreatic β-cells have important roles in maintaining glucose homeostasis by secreting insulin in response to elevated blood glucose levels.^[@bib1]^ The K~ATP~ channel is found in brain, heart, smooth muscle and pancreatic β-cells, and serves as a bridge between glucose metabolism and the electrical activity of pancreatic β-cells. Of note, it is well accepted that ATP-dependent gating is a key mechanism of how K~ATP~ channels couple blood glucose levels to the membrane potentials of pancreatic β-cells. However, we have recently presented evidence that K~ATP~ channel activity and the resting membrane potential of pancreatic β-cells are closely correlated with the activity of AMP-activated protein kinase (AMPK) and that AMPK increases K~ATP~ channel density by promoting K~ATP~ channel trafficking to the cell surface.^[@bib2]^ Because AMPK is activated not only by energy deprivation^[@bib3]^ but also by receptor-mediated signaling such as leptin via Ca^2+^/calmodulin kinase kinase activation, even at normal or high glucose concentrations,^[@bib2],\ [@bib4]^ our results imply that the surface density of K~ATP~ channels regulated by AMPK, rather than the open probability of K~ATP~ channels regulated by intracellular ATP concentrations, is a key determinant of the membrane potential in pancreatic β-cells. Therefore, understanding the cellular and molecular mechanisms of how the activation of AMPK leads to K~ATP~ channel trafficking is a prerequisite for understanding the regulation of pancreatic β-cell excitability and insulin secretion.

AMPK has long been known to be a regulator of metabolism,^[@bib3]^ but many other functions of AMPK have been recognized in recent studies. The energy-dependent regulation of cell structure, which is critical for controlling cell polarity and mitosis in *Drosophila*, is mediated by AMPK, as non-muscle myosin regulatory light chain (MRLC) is a target of AMPK.^[@bib5]^ Vasodilator-stimulated phosphoprotein, an actin regulatory protein, was shown to be regulated by AMPK-dependent phosphorylation, and phosphorylated vasodilator-stimulated phosphoprotein impaired actin cytoskeleton assembly in endothelial cells.^[@bib6]^ These results suggest that the signaling pathways downstream of AMPK link a wide range of signaling mechanisms that regulate the actin cytoskeleton, having different roles in different systems or cell types. Considering that actin and related proteins are also involved in the regulation of exocytosis,^[@bib7],\ [@bib8]^ we hypothesized that the reorganization of the actin cytoskeletal network by AMPK signaling mediates the surface trafficking of K~ATP~ channels. Consistently, conditions that can activate AMPK, such as GD and leptin application, were shown to induce actin depolymerization in pancreatic β-cells.^[@bib9],\ [@bib10]^ However, the downstream targets of AMPK that mediate cytoskeletal remodeling in pancreatic β-cells remain to be elucidated.

The Rho family of small GTPases, including Cdc42, Rac and Rho, are molecular switches that regulate actin cytoskeleton organization and are also implicated in intracellular trafficking. Rac-dependent actin remodeling was shown to be crucial for the translocation of GLUT4, a glucose transporter highly expressed in muscle and adipocytes, to the plasma membrane by insulin signaling.^[@bib11]^ In pancreatic β-cells, Rac was reported to be involved in insulin granule exocytosis.^[@bib12],\ [@bib13]^ Myosin II, the conventional myosin first studied for its role in muscle contraction, is present also in non-muscle cells, and non-muscle myosin II (MyoII) is implicated in a number of important cellular processes including the active assembly/disassembly of cytoskeletal substructures^[@bib14],\ [@bib15],\ [@bib16],\ [@bib17]^ and trafficking of vesicles or membrane proteins.^[@bib18],\ [@bib19],\ [@bib20]^ Furthermore, a functional link between MyoII and Rac1/Cdc42 GTPases in regulating actin dynamics was reported in migrating cells^[@bib21]^ and neuronal growth cones.^[@bib22]^ Together, these observations suggest the possibility that Rac GTPases or MyoII may mediate AMPK-dependent actin remodeling and K~ATP~ channel trafficking in pancreatic β-cells. In the present study, we investigated this possibility using INS-1 cells. We employed various techniques to assess K~ATP~ channel trafficking: immunocytochemistry to visualize the subcellular distribution of the proteins, biotinylation assays for the quantification of surface proteins, and electrophysiological analysis for confirmation that the channels are indeed fused to the membrane and that their activity contributes to cellular excitability.

Materials and methods
=====================

Cell culture
------------

Rat insulinoma INS-1 cells (passage 20--50) were cultured as previously described.^[@bib4]^ Cells were cultured in RPMI 1640 medium (Sigma, St Louis, MO, USA) containing 11.1 m[M D]{.smallcaps}-glucose supplemented with 10% heat-inactivated fetal bovine serum, 10 m[M]{.smallcaps} HEPES, 100 units ml^−1^ penicillin, 100 μg ml^−1^ streptomycin, 1 m[M]{.smallcaps} sodium pyruvate and 50 μ[M]{.smallcaps} β-mercaptoethanol in a humidified incubator supplied with 5% CO~2~ at 37 °C. Cells were grown in 12-well plates at a density of 5 × 10^4^ cells per well for electrophysiology, and on 12-mm poly-~L~-lysine-coated coverslips at 5 × 10^4^ per coverslip for immunocytochemistry.

Electrophysiology
-----------------

K~ATP~ channel currents and membrane potentials were measured with an EPC 10 amplifier and PULSE software (version 8.67; HEKA Elektronik, Lambrecht, Germany) at room temperature using inside-out patch clamp and perforated patch clamp techniques, respectively. The data were analyzed using IGOR software (Wavemetrics, Lake Oswego, OR, USA). Patch electrodes were pulled from borosilicate glass capillaries to a resistance between 3 and 4 MΩ when filled with pipette solution. For inside-out patch recordings, patch pipettes were filled with an internal solution containing the following (in m[M]{.smallcaps}): 140 KCl, 2.6 CaCl~2~, 1.1 MgCl~2~ and 10 HEPES (pH 7.2 with KOH), and a bath solution comprising (in m[M]{.smallcaps}): 140 KCl, 2 CaCl~2~, 1 MgCl~2~, 11 EGTA, 10 HEPES (pH 7.2 with KOH). The internal solution for perforated patch recordings contained the following (in m[M]{.smallcaps}): 110 K-aspartate, 30 KCl, 2.6 CaCl~2~, 0.5 EGTA, 5 EDTA, 10 HEPES (pH 7.2 with KOH) and 200 μ[M]{.smallcaps} nystatin, and the bath solution (normal Tyrode\'s solution) contained (in m[M]{.smallcaps}): 143 NaCl, 5.4 KCl, 0.5 MgCl~2~ and 1.8 CaCl~2~, 5 HEPES (pH 7.4 with NaOH). Single-channel K~ATP~ currents were recorded at −60 mV by inside-out patch and analyzed for channel activity (*NPo*; where *N* is the number of functional channels, and *P*o is the open probability).

Immunofluorescence and confocal laser-scanning microscopy
---------------------------------------------------------

For K~ATP~ channel staining, immunofluorescence experiments were performed as described previously^[@bib4]^. After fixation with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min and washing in PBS, cells were permeabilized with 0.25% Triton X-100 in PBS for 10 min, followed by three washes in PBS and blocking with 2% donkey serum in PBS for 30 min at room temperature. Cells were then incubated with rabbit polyclonal anti-Kir6.2 antibody (H-55, sc-20809, 1:50, Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4°C, rinsed in PBS, and the subcellular localization of Kir6.2 was visualized using Alexa 488-conjugated donkey anti-rabbit IgG antibody (1:100, Invitrogen, Eugene, OR, USA). After washing, the cells were mounted with Gel Mount (Biomeda, Foster City, CA, USA) on slides. Images were acquired on a FluoView 1000 confocal microscope (Olympus, Tokyo, Japan) using a 60 or × 100 oil immersion objective or a TCS-SP2 confocal laser-scanning microscope (Leica, Heidelberg, Germany) with a 40 or × 63 water immersion objective, and processed using Olympus FV10-ASW 3.01 confocal microscopy software (Olympus) or Leica Confocal Software (Leica). To analyze K~ATP~ channel distribution, fluorescence intensity profiles were measured along lines drawn across the cell, excluding the nucleus. Surface localization of Kir6.2 was measured by integration of the fluorescence intensities in the dashed line boxes at the cell periphery. For staining filamentous actin (F-actin), after fixation for 10 min, cells were permeabilized with 0.1% Triton X-100 in PBS for 5 min, extensively washed, blocked with 1% BSA in PBS for 20 min, and then incubated with Alexa Fluor 488- or Alexa Fluor 633-conjugated phalloidin (Invitrogen) for 20 min at room temperature. Images were acquired on a TCS-SP2 confocal laser-scanning microscope with a × 63 water immersion objective or a FluoView 1000 confocal microscope with a 60 or × 100 oil immersion objective, and processed using Leica Confocal Software or Olympus FV10-ASW 3.01 confocal microscopy software. The same instrument settings were used for each experiment, and all experiments were repeated at least three times.

Surface biotinylation and western blotting
------------------------------------------

To detect cell surface Kir6.2, an EZ-Link Sulfo-NHS-SS-Biotin kit (Pierce, Rockford, IL, USA) was used as previously described.^[@bib2]^ The total and cell surface levels of Kir6.2 were measured using rabbit polyclonal anti-Kir6.2 antibody (1:1000). The protein samples were separated by 10--12% SDS--polyacrylamide gel and transferred onto a polyvinylidene difluoride membranes (Millipore, Temecula, CA, USA). The blotted membrane was blocked with 5% skim milk and 0.2% Tween-20 in PBS for 2 h at room temperature and incubated with rabbit polyclonal anti-Kir6.2 antibody overnight at 4°C. After washing, the membrane was incubated with secondary goat polyclonal anti-rabbit IgG-HRP (1:2500, Abcam, Cambridge, UK) for 1 h at room temperature. Detection was performed with Amersham ECL Plus western Blotting Detection Reagents (GE Healthcare, Piscataway, NJ, USA) and blots were exposed to X-ray film. Quantification of active Rac was performed using a Rac activation assay kit (Millipore) according to the manufacturer\'s instructions. In brief, cells were lysed in magnesium lysis buffer. Cell lysates were precleared for 10 min with glutathione beads. Lysates were then incubated with p21-activated kinase-1 (PAK-1) p21-binding domain-agarose for 1 h at 4 °C. Beads were washed three times in magnesium lysis buffer, and samples were resolved by 15% SDS--polyacrylamide gel. GTP-bound Rac1 or GTP-bound Rac2 was detected by mouse monoclonal anti-Rac1 antibody (clone 23A8, 1:1000) or rabbit anti-Rac2 antiserum (Catalog \# 07-604, 1:5000). The relative band intensities were compared via band scanning using a Gel Doc XR (Bio-Rad, Hercules, CA, USA) with Quantity One software, version 4.5.2 or the densitometric analysis software Multi Gauge v3.0 (Fujifilm, Tokyo, Japan).

Small interfering RNA (siRNA)-mediated knockdown
------------------------------------------------

AMPK was knocked downed by an small interfering RNA (siRNA) targeting AMPK (siAMPK), as described in our previous paper.^[@bib4]^ To suppress Rac1 or Rac2 expression, the silencer select siRNAs against Rac1 (siRac1: 5′-AGAUCGGUGCUGUCAAAUAtt-3′) and Rac2 (siRac2: 5′-AUGUGAUGGUGGACAGUAAtt-3′) were purchased from Ambion (Austin, TX, USA). siGFP (5′-GCAAGCUGACCCUGAAGUUCAU-3′, Qiagen, Valencia, CA, USA) or scrambled siRNA (5′-AUUGUAUGCGAUCGCAGAC-3′, Dharmacon, Lafayette, CO, USA) was used for the control siRNA (siCtrl) as described previously.^[@bib2]^ Cells were co-transfected with siRac1 or siRac2 and a DsRed reporter vector using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s instructions, and experiments were performed 48 h after transfection.

Flow cytometry
--------------

After fixation for 10 min, cells were permeabilized with 0.5% Triton X-100 in PBS containing 0.1% BSA for 10 min, followed by blocking with 1% BSA in PBS for 20 min. Then, cells were incubated with 4 units ml^−1^ Alexa 633-conjugated phalloidin for 20 min at room temperature. Stained cells were washed and analyzed using a FACScalibur (BD Bioscience, Franklin Lakes, NJ, USA).

Statistical analysis
--------------------

Data were are expressed as the mean±s.e.m. Significant differences between the experimental groups were analyzed using unpaired two-sampled Student\'s *t*-tests. *P*\<0.05 was considered statistically significant.

Results
=======

AMPK signaling underlies actin remodeling induced by glucose deprivation and leptin
-----------------------------------------------------------------------------------

We previously reported that GD or leptin induces AMPK activation, which leads to K~ATP~ channel trafficking to the plasma membrane.^[@bib2],\ [@bib4]^ In neuroendocrine cells and pancreatic β-cells where dense cortical actin is prominent, cytoskeletal remodeling has been shown to be crucial for the regulation of vesicular trafficking and hormone secretion.^[@bib7],\ [@bib23]^ To investigate the possibility that actin remodeling is involved in AMPK-dependent K~ATP~ channel trafficking in pancreatic β-cells, we first examined whether GD induces actin remodeling. INS-1 cells cultured in 11 m[M]{.smallcaps} glucose-containing media at 37 °C were transferred to Tyrode\'s solutions containing 11 or 0 m[M]{.smallcaps} glucose at room temperature. After 2 h incubation, F-actin was stained with Alexa 633-conjugated phalloidin. In INS-1 cells incubated in 11 m[M]{.smallcaps} glucose, prominent cortical actin was observed, but treatment of INS-1 cells with glucose-free solution induced disruption of F-actin ([Figure 1a](#fig1){ref-type="fig"}). The effect of GD on the actin cytoskeleton was abolished by compound C (CC), an AMPK inhibitor ([Figure 1a](#fig1){ref-type="fig"}), indicating that cytoskeletal remodeling by GD is mediated by AMPK signaling. To further examine AMPK-dependent actin remodeling, we quantified changes in F-actin contents with flow cytometry. The flow profiles showed a significant decrease in F-actin in GD-treated cells compared with controls, and this decrease was blocked by compound C ([Figure 1b](#fig1){ref-type="fig"}, left) or knockdown of AMPK using siAMPK, siRNA targeted against AMPK ([Figure 1b](#fig1){ref-type="fig"}, right). Reduced expression of endogenous AMPK in siAMPK-transfected INS-1 cells was confirmed (Figure 6a). We have previously shown that treatment of INS-1 cells with AICAR, an AMPK activator, or leptin in 11 m[M]{.smallcaps} glucose solutions induced AMPK activation in INS-1 cells to a similar extent as that induced by a 2-h incubation in 0 m[M]{.smallcaps} glucose.^[@bib2],\ [@bib4]^ Consistently, AICAR (0.25 m[M]{.smallcaps}, for 30 min) or leptin (10 n[M]{.smallcaps} for 30 min) treatment in 11 m[M]{.smallcaps} glucose-induced marked actin disruption, as was observed in GD ([Figure 1c](#fig1){ref-type="fig"}). The effect of leptin on the actin cytoskeleton was also abolished by CC ([Figure 1c](#fig1){ref-type="fig"}). Together, these data indicate that AMPK signaling mediates the cytoskeletal remodeling induced by GD or leptin.

AMPK-dependent actin remodeling is mediated by Rac signaling
------------------------------------------------------------

The Rho family small GTPases (Rho, Rac, and Cdc42) are molecular switches regulating downstream events that regulate actin cytoskeleton.^[@bib24]^ Rac mediates cytoskeletal remodeling and GLUT4 trafficking by insulin signaling in muscles and adipocytes.^[@bib25],\ [@bib26]^ To determine whether Rac is involved in AMPK-induced actin remodeling, we evaluated the effect of a Rac inhibitor, NSC23766 in INS-1 cells. When 50 μ[M]{.smallcaps} NSC23766 was applied during GD treatment or with 10 n[M]{.smallcaps} leptin, actin depolymerization did not occur and dense cortical actin was observed, suggesting the involvement of Rac in AMPK-induced actin remodeling ([Figure 2a](#fig2){ref-type="fig"}).

To determine whether Rac is indeed activated by GD, and whether this activation is AMPK-dependent, we performed a Rac activation assay for Rac1 and Rac2 using glutathione S-transferase-PBD of p-21-activated kinase, the effector of RAC, (GST-PAK-PBD) to affinity precipitate active Rac (GTP-bound Rac) from cell lysates. We observed significantly increased levels of the GTP-bound form of Rac1 and Rac2 in GD or leptin-treated INS-1 cells ([Figures 2b and c](#fig2){ref-type="fig"}). We also confirmed that Rac1 and Rac2 were activated by AICAR application ([Figure 2b](#fig2){ref-type="fig"}). Together, these results suggest that AMPK activation by GD or leptin activates both Rac1 and Rac2.

To further confirm the involvement of Rac in AMPK-dependent actin remodeling, we examined the effects of Rac knockdown using siRNA targeting Rac1 or Rac2. We first confirmed that siRac1 and siRac2 reduced the expression of endogenous Rac1 and Rac2, respectively ([Supplementary Figure 1a](#sup1){ref-type="supplementary-material"}). For F-actin analysis, cells were cultured at a low density to easily identify individual cells transfected with siRNA. In siCtrl-transfected cells, reduced F-actin was observed in leptin-treated cells, whereas leptin-induced changes in actin were abolished in siRac1- or siRac2-transfected cells ([Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}). These results suggest that the involvement of Rac is not isoform specific but that both Rac1 and Rac2 are required for leptin-induced actin remodeling.

Rac signaling is required for K~ATP~ channel trafficking
--------------------------------------------------------

We then investigated the relationship between AMPK/Rac-dependent actin remodeling and K~ATP~ channel trafficking. INS-1 cells were stained with fluorescence-labeled antibodies to Kir6.2, and immunofluorescence analysis was performed to evaluate changes in K~ATP~ channel distribution. To analyze the surface localization of K~ATP~ channels, we measured fluorescence intensity profiles along a line across the cell. As previously reported,^[@bib2],\ [@bib4]^ we confirmed that Kir6.2 was randomly found in the intracellular compartments in control 11G conditions, whereas leptin or GD facilitated K~ATP~ channel trafficking to the plasma membrane, resulting in a high intensity profile at the cell periphery ([Figures 3a and c](#fig3){ref-type="fig"}). Treatment of cells with phalloidin (10 μ[M]{.smallcaps}), an actin stabilizer, inhibited K~ATP~ channel trafficking to the plasma membrane induced by GD or leptin ([Figures 3a and c](#fig3){ref-type="fig"}), supporting the idea that actin remodeling is a critical step for AMPK-induced K~ATP~ channel trafficking. Application of NSC23766 to leptin- or GD-treated cells significantly inhibited K~ATP~ channel trafficking to the plasma membrane, and Kir6.2 was observed randomly in the intracellular compartments ([Figures 3a and c](#fig3){ref-type="fig"}), confirming the association of Rac-induced actin remodeling and K~ATP~ channel trafficking. Consistent with the involvement of Rac1 and Rac2 in actin remodeling described above ([Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}), both siRac1 and siRac2 significantly inhibited leptin-induced K~ATP~ channel trafficking ([Figures 3b and c](#fig3){ref-type="fig"}).

Next, to investigate the functional significance of AMPK/Rac signaling, we evaluated the effects of Rac inhibition on K~ATP~ channel activity and β-cell membrane potential. We performed inside-out excised patch recordings in the presence of diazoxide (0.25 m[M]{.smallcaps}) and ATP (1 μ[M]{.smallcaps}), where the open probability (*Po*) of K~ATP~ channels was maximized. Under these conditions, changes in channel activity (*NPo*) represent changes in channel density (*N*) in the patch membrane.^[@bib4]^ We found that the mean value for *NP*o was about four times larger than in 11G-treated cells when siCtrl-transfected cells were pretreated with 10 n[M]{.smallcaps} leptin for 30 min, whereas leptin-induced increases in *NP*o were completely inhibited in cells expressing siRac1 or siRac2 ([Figures 4a and b](#fig4){ref-type="fig"}). These results indicate that knockdown of Rac1 or Rac2 completely abolished the effect of leptin on K~ATP~ channel activity.

In our previous study, leptin caused significant hyperpolarization, which was mediated by the activation of K~ATP~ currents.^[@bib2]^ To examine the effect of Rac in leptin-induced hyperpolarization, we measured resting membrane potential at 6 m[M]{.smallcaps} glucose using a perforated patch recording to preserve physiological conditions as much as possible. We found that 10 n[M]{.smallcaps} leptin failed to induce hyperpolarization in siRac1-, or siRac2-trasfected cells ([Figures 4c and d](#fig4){ref-type="fig"}). Taken together, AMPK/Rac-dependent actin remodeling is involved in regulating K~ATP~ channel trafficking in pancreatic β-cells, leading to an increase in K~ATP~ channel activity and membrane hyperpolarization.

MRLC phosphorylation is involved in K~ATP~ channel trafficking via AMPK signaling
---------------------------------------------------------------------------------

Because actin remodeling by AMPK/Rac signaling was mainly mediated by actin depolymerization, we investigated whether actin depolymerization itself is sufficient to promote K~ATP~ channel trafficking to the surface membrane. However, actin depolymerization by latrunculin B failed to induce K~ATP~ channel trafficking or increase K~ATP~ channel activity ([Figures 5a and b](#fig5){ref-type="fig"}), suggesting that actin depolymerization is a prerequisite, but not sufficient, for inducing K~ATP~ channel trafficking. As a likely candidate for an additional signal that mediates AMPK-dependent K~ATP~ channel trafficking associated with actin remodeling, we examined the involvement of MRLC because the phosphorylation of MRLC underlies various cellular events mediated by AMPK signaling. In particular,^[@bib5]^ showed that the activation of AMPK by energy deprivation induces actin polarization via the phosphorylation of MRLC, resulting in changes in cell shape. We first assessed the effect of leptin on pMRLC levels by western blotting in control and siAMPK-treated cells. We found that leptin markedly increased MRLC phosphorylation in scrambled RNA-infected cells, and this increase was abolished in siAMPK-transfected cells ([Figure 6a](#fig6){ref-type="fig"}). Because MRLC phosphorylation is determined by the balance between a myosin light chain kinase and a myosin light chain phosphatase (MLCP), either the activation of myosin light chain kinase or the inactivation of MLCP causes increased MRLC phosphorylation.^[@bib27]^ Because MLCP is inactivated by its phosphorylation,^[@bib28],\ [@bib29]^ we tested the possibility that AMPK activation increases inhibitory phosphorylation of MLCP using western blot analysis in the same set of experiments that were used to measure the level of phosphorylated MRLC. The level of pMLCP was increased in leptin-treated cells, indicating that MLCP inactivation by AMPK activation is attributable to the increased MRLC phosphorylation ([Figure 6a](#fig6){ref-type="fig"}).

We then investigated whether MRLC is involved in AMPK-induced K~ATP~ channel trafficking. When surface levels of Kir6.2 were assessed by surface biotinylation and western blot analysis in control and siMRLC-treated cells, the leptin-induced increase in the surface levels of Kir6.2 was abolished in siMRLC-treated cells, whereas total levels of Kir6.2 were not affected ([Figure 6b](#fig6){ref-type="fig"}). Immunocytochemical studies showed that siMRLC also suppressed leptin-induced K~ATP~ channel trafficking to surface membrane ([Figure 6c](#fig6){ref-type="fig"}). However, increasing the phosphorylation of MRLC by calyculin A (50 n[M]{.smallcaps}), an MLCP inhibitor, did not induce K~ATP~ channel trafficking ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). These results indicate that MRLC phosphorylation induced by AMPK activation is required, but not sufficient, for K~ATP~ channel trafficking.

Myosin II mediates actin remodeling and K~ATP~ channel trafficking by AMPK/Rac signaling
----------------------------------------------------------------------------------------

Because increased MRLC phosphorylation leads to the activation of MyoII, we investigated whether the involvement of MRLC in leptin-induced K~ATP~ channel trafficking is attributable to the motor activity of MyoII. To assess the effects of inhibition of MyoII on leptin-induced K~ATP~ channel trafficking, blebbistatin, a specific inhibitor of MyoII ATPase,^[@bib30]^ was used. We found that the leptin-induced increase in the surface levels of Kir6.2 was abolished by blebbistatin (50 μ[M]{.smallcaps}), whereas the leptin-induced increase in MRLC phosphorylation was unaffected ([Figure 7a](#fig7){ref-type="fig"}). Consistent with that result, we also observed that blebbistatin inhibited leptin-induced K~ATP~ channel trafficking to the surface using immunocytochemistry ([Figure 7b](#fig7){ref-type="fig"}). Furthermore, blebbistatin inhibited leptin-induced hyperpolarization ([Figure 7c](#fig7){ref-type="fig"}). Together, these results indicate that the increase in MyoII motor activity by MRLC phosphorylation plays a crucial role in the leptin-induced increase in K~ATP~ channel trafficking and hyperpolarization in pancreatic β-cells.

Because we found that K~ATP~ channel trafficking is closely associated with actin remodeling, the next question was the nature of the relationship between MyoII activation and actin remodeling. We found that blebbistatin inhibited leptin-induced actin depolymerization, and dense cortical actin was observed in blebbistatin-treated INS-1 cells in the presence of leptin ([Figure 7d](#fig7){ref-type="fig"}), supporting a role of MyoII in AMPK-dependent actin remodeling.

Consistent with the above results, inhibition of MyoII by siMRLC or blebbistatin inhibited the effects of GD on K~ATP~ channel activity, K~ATP~ channel trafficking and actin remodeling ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). We also confirmed the specificity of blebbistatin as a MyoII ATPase inhibitor by showing that inactive blebbistatin had no effect on K~ATP~ channel trafficking and actin remodeling by GD ([Supplementary Figures 3c and d](#sup1){ref-type="supplementary-material"}). These data support the notion that MyoII has an important role in AMPK-dependent K~ATP~ channel trafficking and actin remodeling.

We showed that both Rac and MRLC are downstream of AMPK activation and involved in K~ATP~ channel trafficking and actin remodeling, leading us to question the relationship between Rac activation and MRLC phosphorylation. To this end, we measured the effect of a Rac inhibitor, NSC23766, on the leptin-induced increase in pMRLC levels, and found that Rac inhibition blocked the increase in MRLC phosphorylation by leptin ([Figure 8a](#fig8){ref-type="fig"}). This result suggested that AMPK/Rac activation is upstream of MRLC phosphorylation.

We previously reported that PTEN inactivation is involved in AMPK-dependent K~ATP~ channel trafficking.^[@bib31]^ Thus, the last question to address was whether PTEN inactivation is upstream of Rac/MyoII activation. To test this possibility, we investigated whether PTEN inhibition is sufficient to increase MRLC phosphorylation by using a dominant-negative mutant of PTEN (PTEN^C124S^), which is defective in both lipid and protein phosphatase activity.^[@bib32]^ Overexpression of PTEN^C124S^ increased MRLC phosphorylation and MLCP phosphorylation to the level induced by leptin treatment ([Figure 8b](#fig8){ref-type="fig"}). We also confirmed that overexpression of PTEN^C124S^ induced activation of Rac1 and Rac2 ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). These results support the notion that PTEN inactivation is upstream of Rac/MyoII activation. The signaling pathways involved in AMPK-dependent K~ATP~ channel trafficking shown in our present and previous papers^[@bib2],\ [@bib4],\ [@bib31]^ are summarized in [Figure 8c](#fig8){ref-type="fig"}.

Discussion
==========

The K~ATP~ channel has a crucial role in the maintenance of glucose homeostasis by regulating insulin secretion. Studies of the regulation of K~ATP~ channel activity provide fundamental information for establishing strategies that improve impaired insulin secretion in diabetes mellitus.^[@bib33],\ [@bib34]^ Because the mechanisms for direct regulation of K~ATP~ channel gating have been well established,^[@bib35]^ we focused on how K~ATP~ channel translocation to the plasma membrane is regulated. We demonstrated that both GD and leptin activate AMPK to promote K~ATP~ channel trafficking to the surface of pancreatic β-cells and that K~ATP~ channel density and β-cell membrane potentials are correlated with phospho-AMPK levels.^[@bib2],\ [@bib4]^ We then identified the involvement of PTEN inactivation mediated by GSKβ activation as a downstream molecular target of AMPK that leads to K~ATP~ channel trafficking.^[@bib31]^ In the present study, we found a close association of actin remodeling and AMPK-dependent K~ATP~ channel trafficking and identified Rac GTPase and MyoII as key molecules that mediate actin remodeling and K~ATP~ channel trafficking.

The relationship between Rac-dependent actin remodeling and cell signal-dependent trafficking of membrane proteins has been thoroughly investigated in studies of GLUT4 glucose transporter trafficking in response to insulin signaling. GLUT4, expressed highly in adipose and muscle tissues, serves as a key component in regulating glucose homeostasis by undergoing translocation to the plasma membrane and uptaking glucose after insulin stimulation and exercise.^[@bib36]^ Previous studies have found that insulin-dependent GLUT4 translocation is dependent on actin remodeling; actin depolymerizing agents, such as swinholide-A, latrunculin B and jasplakinolide, an actin filament polymerizing and stabilizing drug, inhibited insulin-stimulated actin rearrangement and GLUT4 translocation in muscle cells^[@bib37]^ and adipocytes.^[@bib38]^ Recent studies showed that the overexpression of the dominant inhibitory Rac1 mutant or siRac1 prevented insulin-induced actin remodeling and GLUT4 translocation.^[@bib11],\ [@bib25]^ Further studies revealed the involvement of the branching complex Arp2/3, the severing protein cofilin,^[@bib39]^ and tropomodulin3^[@bib40]^ in GLUT4 translocation. Furthermore, the possibility of a link between AMPK and Rac signaling in GLUT4 translocation was also suggested by the effects of retinoic acid on skeletal muscle cells.^[@bib41]^ Altogether, these studies claimed that cortical actin remodeling provides a track for moving GLUT4-containing vesicles to the cell surface. In general, Rac-mediated actin remodeling induced by insulin signaling in adipocytes and myocytes is associated with actin polymerization.^[@bib25],\ [@bib26]^ However, insulin does not induce cytoskeletal remodeling in pancreatic β-cells or in hypothalamic cells where leptin induces actin depolymerization.^[@bib32]^ We also showed that Rac-mediated actin remodeling induced by AMPK signaling in pancreatic β-cells was manifested mainly by actin depolymerization ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} and [Supplementary Figure 1b](#sup1){ref-type="supplementary-material"}). Our results appear to be consistent with the idea that cortical F-actin in pancreatic β-cells acts as a physical barrier that obstructs K~ATP~ channel trafficking and that depolymerization of F-actin is required for the translocation of K~ATP~ channels to the surface membrane. Consistent with this idea, increased surface expression of SUR1 by the actin depolymerizing agent latrunculin B was reported.^[@bib10]^ We, however, found that latrunculin B failed to induce K~ATP~ channel trafficking or increased K~ATP~ channel activity ([Figure 5](#fig5){ref-type="fig"}). We do not know the reason for the difference between these two studies, but our results imply that simple destruction of barrier is not sufficient; rather, a more active process is involved in K~ATP~ channel trafficking.

We also provided evidence for the contribution of MyoII in actin remodeling and K~ATP~ channel trafficking induced by AMPK signaling. We showed that the AMPK-induced increase in K~ATP~ channel trafficking is not only dependent on MRLC phosphorylation but is also inhibited by blockade of MyoII ATPase ([Figures 6b](#fig6){ref-type="fig"} and [7a](#fig7){ref-type="fig"}), indicating that the motor activity of MyoII is required for K~ATP~ channel trafficking. Involvement of MyoII in insulin-dependent GLUT4 vesicle translocation has been well studied, and there are similarities and differences between GLUT4 and K~ATP~ channel trafficking. GLUT4 translocates to the plasma membrane prior to MyoII activation, and the co-localization of MyoII and GLUT4 is required for proper fusion of GLUT4-vesicles.^[@bib42]^ By contrast, our immunocytochemistry results show that the inhibition of MyoII inhibits the translocation of K~ATP~ channel to the plasma membrane ([Figures 6](#fig6){ref-type="fig"} and [7](#fig7){ref-type="fig"} and [Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). MyoII activation is commonly mediated by increased phosphorylation of MRLC, but there is a difference in the mechanism of MRLC phosphorylation. MRLC phosphorylation in insulin signaling is mediated by Ca^2+^/calmodulin-dependent activation of myosin light chain kinase,^[@bib42]^ whereas MRLC phosphorylation in AMPK signaling is mediated by inhibitory phosphorylation of MLCP ([Figure 6a](#fig6){ref-type="fig"}) induced by PTEN inactivation ([Figure 8b](#fig8){ref-type="fig"}). In insulin-dependent GLUT4 translocation, recruitment of F-actin to the plasma membrane is an important step, and MyoII was shown to be necessary for F-actin localization.^[@bib20]^ By contrast, we showed in the present study that disruption of cortical actin is required for K~ATP~ channel trafficking, and MyoII has a key role in actin depolymerization as well as in K~ATP~ channel trafficking in pancreatic β-cells. There are several reports that support the role of MyoII in actin depolymerization in various tissues. The inhibition of MyoII ATPase activity with blebbistatin prevented actin turnover in mammalian cultured cells.^[@bib43]^ Myosin II has a role in actin network disassembly in migrating fish keratocytes.^[@bib44]^ Another recent study showed a role of MyoII in disassembly of F-actin for actomyosin ring constriction.^[@bib45]^ These studies support the role of MyoII in promoting actin depolymerization. However, we do not think that the activation of MyoII alone is enough to induce actin remodeling and K~ATP~ channel trafficking because we failed to induce these changes by inhibiting MLCP with calyculin A ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). It is thus reasonable to conclude that actin remodeling mediated by the coordinated actions of Rac signaling and MyoII leads to the translocation of K~ATP~ channel-containing vesicles to the plasma membrane.

In pancreatic β-cells, the role of the cytoskeleton in regulating vesicle trafficking has been extensively studied in glucose-stimulated insulin secretion. High glucose stimulation causes depolymerization of cortical actin, leading to insulin secretion.^[@bib13],\ [@bib46],\ [@bib47]^ This was supported by the enhanced glucose-stimulated insulin secretion following the application of actin-disrupting agents.^[@bib46],\ [@bib48],\ [@bib49]^ Furthermore, glucose-induced translocation of Rac1 to the membrane and Rac1 activation were proposed to contribute to glucose-dependent actin depolymerization and insulin secretion.^[@bib13],\ [@bib50],\ [@bib51]^ Actin depolymerization by high glucose appears to contradict our results, but in glucose-stimulated insulin secretion, F-actin remodeling by high glucose was observed after 5 min stimulation and recovered within 30 min.^[@bib46]^ In our study, dense cortical rings of F-actin were observed in INS-1 cells incubated in 11 m[M]{.smallcaps} glucose, and F-actin was disrupted when AMPK was activated by GD or leptin treatment. These results may suggest that actin depolymerization induced by high glucose is an acute and transient process that facilitates the translocation of insulin-containing vesicles in the initial step of glucose-stimulated insulin secretion, but at steady state in high glucose conditions, cortical actin is restored. When cells are exposed to energy deprived conditions, cytoskeletal remodeling occurs again but via different signaling mechanisms; AMPK/Rac/MyoII activation couples cytoskeletal remodeling to the translocation of K~ATP~ channels. The question remains as to how Rac mediates cytoskeletal remodeling in such opposite directions and how it regulates the translocation of different targets. These questions remain to be investigated in future studies.

In conclusion, the aim of this study was to understand the implications of Rac-dependent actin dynamics in AMPK-dependent K~ATP~ channel trafficking in pancreatic β-cells. We demonstrated that AMPK/Rac-induced actin depolymerization, which is mediated by MyoII through phosphorylation of MRLC, is required for K~ATP~ channel trafficking to the surface membrane in pancreatic β-cells.

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies the paper on Experimental & Molecular Medicine website (http://www.nature.com/emm)
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![Glucose deprivation or leptin induces actin disruption via AMPK signaling in INS-1 cells. (**a**, **c**) Confocal fluorescent images of INS-1 cells stained with Alexa 633-phalloidin for F-actin staining. (**a**) Before fixation, cells were pretreated with 11 m[M]{.smallcaps} glucose (11 G) or 0 m[M]{.smallcaps} glucose for 2 h in the absence (GD) or presence of 10 μ[M]{.smallcaps} compound C (GD+CC). Scale bars, 10 μm. (**b**) Quantification of changes in F-actin content using FACS analysis. Mean fluorescence intensity (MFI) of 11G was arbitrarily set at 100% and compared with MFI of GD and GD+CC cells (left). MFI of siAMPK-transfected GD cells is compared with siCtrl-transfected GD cells (right). Data are represented as the mean±s.e.m. of three independent experiments. \**P*\<0.05 and \*\**P*\<0.01. (**c**) Cells were incubated in 11 m[M]{.smallcaps} glucose for 30 min in the presence of 0.25 m[M]{.smallcaps} AICAR (11 G+AICAR) or 10 n[M]{.smallcaps} leptin in the absence (11 G+Leptin) and the presence of 10 μ[M]{.smallcaps} CC (Leptin+CC). Scale bars, 10 μm.](emm201572f1){#fig1}

![Activation of Rac by AMPK signaling induced actin disruption. (**a**) Confocal fluorescent images of F-actin staining with Alexa 633-phalloidin in INS-1 cells. Cells were pretreated with 50 μ[M]{.smallcaps} NSC23766 for 1 h in GD (left) or 30 min in 11 m[M]{.smallcaps} glucose during 10 n[M]{.smallcaps} leptin treatment (right). Scale bars, 20 μm. (**b**) Western blot analysis of Rac1 or Rac2 activity in lysates from INS-1 cells pretreated with 11 m[M]{.smallcaps} glucose (11 G) or glucose-deprived solution (GD) in the presence or absence of 0.25 m[M]{.smallcaps} AICAR (left) or 10 n[M]{.smallcaps} leptin (right). (**c**) Quantitative analysis of Rac activation from three independent experiments shown in (**b**). The relative ratio of activated Rac (Rac1-GTP or Rac2-GTP) to total Rac (total Rac1 or Rac2) levels was determined by band densitometry. The relative ratio in 11 G was set to 1. Data are represented as the mean±s.e.m. of three independent experiments. \**P*\<0.05 compared with 11 G.](emm201572f2){#fig2}

![AMPK-induced K~ATP~ channel trafficking is inhibited by Rac inhibition. (**a**) Immunofluorescence analysis of the subcellular localization of K~ATP~ channels in INS-1 cells using anti-Kir6.2 antibody in the presence of 11 m[M]{.smallcaps} glucose (11 G), 10 n[M]{.smallcaps} leptin in 11 G (11 G+Leptin), 0 m[M]{.smallcaps} glucose (GD), leptin and 10 μ[M]{.smallcaps} phalloidin (phal) or 50 μ[M]{.smallcaps} NSC23766 (NSC) in 11 G, and 10 μ[M]{.smallcaps} phalloidin or 50 μ[M]{.smallcaps} NSC23766 in GD. The yellow line across the cell used to measure Kir6.2 fluorescence intensity is shown underneath each image. Scale bar, 5 μm. (**b**) Experiments and analyses were the same as in (**a**), with the exception that the comparison was carried out in the absence or presence of leptin in siCtrl-, siRac1-, or siRac2-transfected cells. Scale bar, 5 μm. (**c**) Integration of the fluorescent intensities at the cell periphery (1 μm each, dashed line boxes) reflects the surface density of Kir6.2. Surface localization of Kir6.2 was expressed as the ratio of surface to total Kir6.2 fluorescence. Data are represented as the mean±s.e.m. (*n*=5-24). \*\*\**P*\<0.001 compared with 11 G. ^§§§^*P*\<0.001 compared with Leptin (Lep). ^\#\#\#^*P*\<0.001 compared with GD.](emm201572f3){#fig3}

![Rac knockdown inhibits the leptin-induced increase in K~ATP~ channel activity and leptin-induced hyperpolarization. (**a**) Representative single K~ATP~ channel currents of siCtrl-, siRac1-, or siRac2-transfected INS-1 cells pretreated with or without 10 n[M]{.smallcaps} leptin. The inside-out patches were held at −60 mV. C, closed level. O, opened level. (**b**) Mean K~ATP~ channel activity (*NPo*) of siCtrl-, siRac1-, or siRac2-transfected INS-1 cells pretreated with or without 10 n[M]{.smallcaps} leptin (siCtrl/11 G, 0.21±0.06, *n*=15; siCtrl/11 G+Leptin, 0.83±0.23, *n*=9; siRac1/11 G, 0.15±0.04, *n*=11; siRac1/11 G+Leptin, 0.27±0.15, *n*=12; siRac2/11 G, 0.24±0.12, *n*=10; siRac2/11 G+Leptin, 0.31±0.1, *n*=12). Data are represented as the mean±s.e.m. \*\**P*\<0.01 compared with siCtrl/11 G. (**c**) Representative traces for the effects of leptin on membrane potentials from siCtrl-, siRac1-, or siRac2-transfected INS-1 cells. (**d**) Summary data for mean resting membrane potential (RMP) of INS-1 cells transfected with siCtrl, siRac1, or siRac2 before or after the application of leptin (siCtrl/11 G, −37.0±2.6 mV, *n*=8; siCtrl/11 G+Leptin, −64.2±3.4 mV, *n*=8; siRac1/11 G, −32.0±3.9 mV, *n*=7; siRac1/11 G+Leptin, −34.7±3.2 mV, *n*=7; siRac2/11 G, −29.5±2.6 mV, *n*=8; siRac2/11 G+Leptin, −29.8±3.0 mV, *n*=8). Data are represented as the mean±s.e.m.](emm201572f4){#fig4}

![Latrunculin B does not increase K~ATP~ channel activity and surface localization of Kir6.2. (**a**) Immunofluorescence analysis of the subcellular localization of K~ATP~ channels INS-1 cells using anti-Kir6.2 antibody in the absence or presence of 10 μ[M]{.smallcaps} latrunculin B (Lat B) for 30 min in 11 m[M]{.smallcaps} glucose (left). Scale bar, 5 μm. Surface localization of Kir6.2 was expressed as the ratio of surface to total Kir6.2 fluorescence (right; 11 G, *n*=24; 11 G+Lat B, *n*=3). Data are represented as the mean±s.e.m. (**b**) Representative single K~ATP~ channel currents of INS-1 cells 11G, 11G+Lat B, and GD. Mean K~ATP~ channel activity (*NPo*) in the absence and presence of latrunculin B (11 G, 0.16±0.05, *n*=14; 11 G+Latrunculin B (Lat B), 0.13±0.08, *n*=10). Data are represented as the mean±s.e.m. \*\**P*\<0.01 compared with 11 G+LatB.](emm201572f5){#fig5}

![MRLC phosphorylation is involved in leptin-induced K~ATP~ channel trafficking. (**a**) Reduction of leptin-induced MRLC and MLCP phosphorylation by knockdown of AMPK. INS-1 cells were transfected with siCtrl or siAMPK for 48 h and then treated with leptin at 10 n[M]{.smallcaps} for 30 min before western blot analysis. The relative ratio of phosphorylated MRLC or MLCP and total MRLC or MLCP was plotted based on the quantification of the band intensities. The data are expressed as the mean±s.e.m. (*n*=3). \**P*\<0.05 compared as indicated. (**b**) Suppression of K~ATP~ channel trafficking by knockdown of MRLC. Cells were transfected with siCtrl or siMRLC for 48 h and then treated with leptin at 10 n[M]{.smallcaps} for 30 min prior to surface labeling with a biotin probe. The relative ratio of surface to total Kir6.2 was plotted based on the quantification of the band intensities. The data are expressed as the mean±s.e.m. (*n*=3). \**P*\<0.05 compared as indicated. (**c**) Effect of MRLC knockdown on immunostaining of Kir6.2 before and after lepin treatment in INS-1 cells. The cells were transfected with siCtrl or siMRLC for 48 h and then treated with leptin for 30 min before immunofluorescence analysis using anti-Kir6.2 antibody. Scale bar, 5 μm.](emm201572f6){#fig6}

![MyoII activity is crucial for K~ATP~ channel trafficking. (**a**) Effect of blebbistatin, an inhibitor of MyoII, on leptin-induced K~ATP~ channel trafficking and MRLC phosphorylation. INS-1 cells were treated with leptin and/or 50 μ[M]{.smallcaps} blebbistatin (Blebb) for 30 min before surface labeling with a biotin probe. The relative ratio of surface to total Kir6.2 was plotted based on the quantification of the band intensities. The data are expressed as the mean±s.e.m. (*n*=3). \**P*\<0.05 compared as indicated. (**b**) Effect of blebbistatin on Kir6.2 immunostaining before and after leptin treatment in INS-1 cells. Scale bars, 5 μm. (**c**) Representative traces for the effects of blebbistatin on membrane potentials from leptin-treated INS-1 cells. Leptin-induced hyperpolarization was abolished in the presence of 50 μ[M]{.smallcaps} blebbistatin. (**d**) Confocal fluorescent images of F-actin staining with Alexa 633-phalloidin in INS-1 cells pretreated with 10 n[M]{.smallcaps} leptin and 50 μ[M]{.smallcaps} blebbistatin (Blebb) in 11 m[M]{.smallcaps} glucose. Scale bars, 10 μm.](emm201572f7){#fig7}

![PTEN inactivation and Rac are upstream of MRLC phosphorylation. (**a**) Effect of the Rac inhibitor (NSC23766) on the lepin-induced increase of MRLC phosphorylation. Cells were treated with leptin or leptin and 50 μ[M]{.smallcaps} NSC23766 for 30 min prior to western blot analysis. The relative ratio of phosphorylated MRLC to total MRLC was plotted based on the quantification of the band intensities. The data are expressed as the mean±s.e.m. (*n*=3). \**P*\<0.05 compared as indicated. (**b**) The change in MRLC phosphorylation by PTEN inactivation. The cells were transfected with PTEN^WT^ (wild-type PTEN) or PTEN^C124^ construct (a lipid and protein phosphatase dead form of PTEN) for 48 h. The relative ratio of phosphorylated MRLC to total MRLC was plotted based on the quantification of the band intensities. The data are expressed as the mean±s.e.m. (*n*=3). \**P*\<0.05 compared as indicated. (**c**) Schematic illustration of signaling pathways underlying K~ATP~ channel trafficking induced by GD or leptin revealed by the present and previous studies.^[@bib2],\ [@bib4],\ [@bib31]^](emm201572f8){#fig8}
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